Sex is an important modifier of Alzheimer's disease (AD) prevalence and progression. Aβ oligomers engage metabotropic glutamate receptor 5 (mGluR5) to mediate pathological signaling in AD. We find here, that mGluR5 signaling is intrinsically different in male versus female mouse neurons, as mGluR5 agonist and Aβ oligomer treatments inactivate a GSK3β/ZBTB16/ATG14regulated autophagy pathway via Ser9 phosphorylation of GSK3β in an mGluR5-dependent mechanism in male, but not female, primary neuronal cultures. These observed sex-specific differences in mGluR5 signaling translate into in vivo differences in mGluR5-dependent pathological signaling in male and female AD mice. We demonstrate that treatment of male, but not female, APPswe/PS1ΔE9 mice with the mGluR5-selective negative allosteric modulator (NAM), CTEP, improved cognition, reduced Aβ oligomer-mediated pathology, attenuated inflammatory responses and enhanced autophagy in only male APPswe/PS1ΔE9 mice. These differences in male versus female APPswe/PS1ΔE9 responses to CTEP correlate with sex-specific differences in cell surface mGluR5 trafficking. This study demonstrates clear sex-specific differences in mGluR5 cellular signaling and trafficking in a mouse model of AD and strongly indicates a need to redesign and reanalyze sex-specific AD treatment strategies.
Introduction
Alzheimer's disease (AD) is a progressive neurodegenerative disease that is characterized by age-related memory loss and cognitive decline. It is the most prevalent cause of dementia, accounting for ~60-80% of diagnosed dementia cases (1, 2) . Despite this alarming prevalence, there are currently no available treatments capable of modifying or reversing the progression of AD (3, 4) . The etiology of AD remains to be fully elucidated, although two proteins are considered the pathological hallmarks of AD that primarily contribute to the neurotoxicity associated with the disease. These proteins, -amyloid (Aβ) oligomers and hyper-phosphorylated tau protein, accumulate as the disease progresses causing disruption in neuronal signaling and neurodegeneration (5) (6) (7) (8) .
There is growing evidence to suggest that sex is an important modulator of AD prevalence and progression with clinical and preclinical studies demonstrating that the incidence of developing AD is higher in females than for age-and risk factor-matched males (9) (10) (11) (12) . The higher incidence of cognitive impairment in women compared to men at the same stage of AD has been long attributed to reduced estrogen and/or estrogen receptors levels following menopause, since estrogen has been linked experimentally to numerous neuroprotective actions relevant to cognitive function in animal models of disease (13) (14) (15) . However, the first large-scale clinical study (Women's Health Initiative Memory Study, WHIMS) demonstrated an increased risk of dementia and poor cognitive outcomes in postmenopausal women randomized to hormonereplacement therapy, thereby removing clinical support for this hypothesis (16, 17) .
Glutamate, the main excitatory brain neurotransmitter, plays a key role in learning and memory and the Gq-coupled metabotropic glutamate receptors, subtype 5 (mGluR5) is of a particular interest in AD pathology (18, 19) . Metabotropic glutamate receptor 5 (mGluR5) is of particular interest in AD pathology, as it acts as an extracellular scaffold for Aβ oligomers to promote mGluR5 clustering, increase intracellular Ca 2+ release and inhibit autophagy, all of which contribute to the synaptic dysfunction and neurotoxicity associated with cognitive dysfunction (20) (21) (22) (23) (24) . We and others have demonstrated that both pharmacological and genetic silencing of mGluR5 reverses cognitive deficits and reduces Aβ pathology in both APPswe/PS1ΔE9 and 3xTg-AD male mouse models of AD (20) (21) (22) (23) (24) (25) . While these studies emphasized the key role of mGluR5 in AD pathophysiology in male mouse models of AD, it is not yet clear whether alterations in mGluR5 signaling is conserved between male and female AD mice.
Given that both clinical and experimental evidence indicate a divergent AD pathology between males and female, the dramatic drug treatment failure rate in AD clinical trials warrant a better delineation of the molecular signaling mechanism(s) underlying sex-related pathophysiological differences in AD (9, 11) . In the present study, we find that either mGluR5 agonist or Aβ oligomer treatment results in the phosphorylation of GSK3β at Ser9 and inhibition of the GSK3/ZBTB16/ATG14-regulated autophagy pathway in primary cortical neurons derived from male, but not female wild-type E18 embryos. This observed sex-specific regulation of mGluR5 signaling by Aβ oligomers translates in vivo where the mGluR5-selective negative allosteric modulator (NAM), CTEP, improved cognition, reduced Aβ oligomer-mediated pathology, attenuated inflammatory responses and enhanced autophagy in only male APPswe/PS1ΔE9 mice. These studies have important implications regarding the successful repurposing of mGluR5
NAMs for the treatment of neurodegenerative disease. Moreover, they suggest the need for the sex-specific stratification of neurodegenerative drug trial results that will impact the guidance of future design of sex-specific treatment strategies.
RESULTS

Sex-specific mGluR5-dependent inactivation of a GSK3β/ZBTB16-autophagic pathway in primary neuronal cultures
Aβ oligomer activation of mGluR5 has been associated with impaired cognition, Aβ pathology and the inhibition of a GSK3β/ZBTB16/ATG14 autophagy pathway in male APPswe/PS1ΔE9 mice (20, 23, 24) . To test possible sex-specific differences in agonist and Aβ oligomer-dependent antagonism of autophagy following mGluR5 activation, we treated cultured male and female cortical (14 DIV) neurons with either DHPG (100 µM) or Aβ1-42 oligomers (100 nM) in the presence or absence of the mGluR5 selective NAM, CTEP (2-chloro-4-[2[2,5-dimethyl-1- [4- (trifluoromethoxy) phenyl] imidazol-4-yl] ethynyl] pyridine) (10 µM). DHPG and Aβ1-42 oligomers induced GSK3β phosphorylation and inhibited autophagy, as measured by an increase in p62 expression in male, but not in female, neuronal cultures in a manner that is inhibited by CTEP ( Fig. 1A and B ). Interestingly, only Aβ1-42 oligomers increased ZBTB16 expression solely in male cultures ( Fig. 1A and B ), which suggested that Aβ1-42 can be potent inhibitor of autophagy as previously reported (24, 26) . These observations suggested that there are unexpected important sex-specific differences in mGluR5 signaling in response to extra-neuronal Aβ oligomers.
mGluR5 blockade improves cognitive deficits in male, but not female, APPswe/PS1ΔE9 mice
We then sought to determine whether sex-specific differences in mGluR5 signaling in vitro translated into sex-specific differences in the mechanism by which Aβ oligomers mediate cognitive dysfunction and Aβ deposition in vivo. To test this, 9-month-old male and female wildtype and APPswe/PS1ΔE9 mice were tested for impairments in working and spatial memory in the novel object recognition, Morris water maze (MWM) and Morris water maze with reversal (RMWM) task following treatment with CTEP (2 mg/Kg for 12 weeks). This treatment regime previous improved cognitive deficits in 12-month-old male APPswe/PS1ΔE9 and 3xTg mice that were treated for 12 weeks with CTEP (23, 27, 28) . We found that vehicle-treated 9-month-old wild-type male and female mice discriminated between novel and familiar objects, whereas 9month-old vehicle-treated male and female APPswe/PS1ΔE9 mice were not able to discriminate between familiar and novel objects ( Fig. 2A and 2B ). After chronic treatment (12 weeks) with CTEP, 9-month-old male APPswe/PS1ΔE9 mice regained the capacity to discriminate between the objects, whereas female APPswe/PS1ΔE9 mice remained cognitively-impaired ( Fig. 2A and   2B ). Discrepancies in cognitive function between males and females following CTEP treatment could not be attributed to difference in either object place preference, locomotor or exploratory behavior between both sexes ( To test whether the sex-specific improvement in cognitive function following mGluR5 inhibition was paralleled by similar changes in Aβ pathology we examined whether Aβ plaque density was reduced following CTEP treatment in coronal slices of male and female APPswe/PS1ΔE9 cortex and hippocampus. We found that the deposition of Aβ plaque density was significantly reduced in male, but not female, APPswe/PS1ΔE9 cortical and hippocampal brain slices following CTEP treatment ( Fig. 4A and 4B ). We then assessed Aβ oligomer levels in vehicle-and CTEP-treated male and female APPswe/PS1ΔE9 mouse lysates. We detected a comparable increase in soluble Aβ oligomers level in both male and female APPswe/PS1ΔE9 mice versus age-and sex-matched wild-type mice (Fig. 4C ). The elevated levels of Aβ oligomers detected in male APPswe/PS1ΔE9 brain lysates were significantly reduced following treatment with CTEP, but Aβ oligomer concentrations remained elevated in CTEP-treated female APPswe/PS1ΔE9 mice ( Fig. 4C ). These observations indicated that pharmacological blockade of mGluR5 had a positive outcome in male APPswe/PS1ΔE9 mice, while having a negative outcome in female APPswe/PS1ΔE9 mice.
Previously, we demonstrated that clearance of Aβ and huntingtin pathological species was increased by inhibiting Aβ oligomer/mutant huntingtin-stimulated pathological activation of mGluR5 that resulted in the inhibition of a novel GSK3β/ZBTB16/ATG14 autophagy pathway in male mice (24, 29) . We found here that GSK3-pS9 phosphorylation was significantly increased in brain lysates of vehicle-treated APPswe/PS1ΔE9 male mice and that CTEP significantly reduced GSK3 phosphorylation leading to its activation. (Fig. 4D ). This resulted in decreased protein expression levels of the ubiquitin ligase ZBTB16 and consequently increased expression of ATG14 which facilitated autophagy, as evidenced by a significant reduction in the protein expression level of the autophagy marker p62 in male APPswe/PS1ΔE9 male mice ( Fig. 4D-G) .
Interestingly, we detected no change in GSK3 phosphorylation and either ZBTB16 or ATG14 expression in female APPswe/PS1ΔE9 mice ( Fig. 4D-F ). We also detected an unexplainable elevation in P62 expression in vehicle-and CTEP-treated wild-type and APPswe/PS1ΔE9 female mice when compared to vehicle-treated wild-type male mice ( Fig. 4G ). Taken together, our results show that while defects in autophagy may contribute to AD-like neuropathology in both sexes of APPswe/PS1ΔE9 mice, the contribution of ZBTB16-autophagic pathway to Aβ pathology was exclusive to male mice.
mGluR5 inhibition reduces neuroglial activation and promotes neuronal and synaptic recovery in male, but not female, APPswe/PS1ΔE9 mice
The neuroinflammatory response triggered by glial cells, astrocytes and microglia, contribute synaptic dysfunction and neuronal death in AD (30-32) , a response that was blunted in male APPswe/PS1ΔE9 following CTEP treatment . Specifically, microglia (Iba1 positive cells) and astrocytes (GFAP positive cells) were previously detected around Aβ plaques (30) (31) (32) (33) . We found that the number of Iba1-and GFAP-positive cells were significantly elevated to a similar level in cortical brain slices of both male and female APPswe/PS1ΔE9 mice ( Fig. 5A and 5B ). CTEP treatment reduced the markers of activated microglia and reactive astrocytes in male, but not female APPswe/PS1ΔE9 brain slices ( Fig 5A and 5B) . We also detected a significant reduction in the number of NeuN positive neurons in vehicle-treated APPswe/PS1ΔE9 female mice that was not affected by CTEP treatment, whereas no loss of NeuN staining was observed in male APPswe/PS1ΔE9 mice ( Fig. 5C ). We also observe synapse reduction in both male and female APPswe/PS1ΔE9 mice, but CTEP treatment of male mice only prevented synaptic loss ( Fig. 5D ).
Sex-specific differences in the cell surface trafficking of mGluR5 in male and female
APPswe/PS1ΔE9 mice
Our neuronal cell culture experiments indicated mGluR5 signaling was intrinsically different in male and female neurons. However, this did not necessarily account for effects of Aβ oligomer signaling and mGluR5 regulation in adult male and female APPswe/PS1ΔE9 mice. Since Aβ oligomers could activate and promote mGluR5 clustering at synapses to exacerbate AD pathology (20) (21) (22) , it was possible that mGluR5 was differentially-expressed in males and females leading to the discordant sex-specific contribution of mGluR5 to AD pathogenesis. Therefore, we examined whether the total and/or cell surface expression of mGluR5 was different between male and female APPswe/PS1ΔE9 mice, when compared to wild-type controls. Coronal brain slices from hippocampus and cortex of 6-month-old mice were used to determine total mGluR5 expression, as well as the plasma membrane expression for mGluR5 by performing a cell surface protein biotinylation. As we have previously reported (23) (24) (25) , no change in total expression of mGluR5 was detected in male APPswe/PS1ΔE9 mice, but cell surface expression of mGluR5 was increased in hippocampus and cortex of male APPswe/PS1ΔE9 mice relative to wild-type mice ( Fig. 6A and 6B) . Surprisingly, the cell surface expression of mGluR5 was nearly abolished in both the hippocampus and cortex of female APPswe/PS1ΔE9 mice relative to wild-type mice ( Fig 6A) . However, total cellular mGluR5 expression in both the cortex and hippocampus was not different between male and female APPswe/PS1ΔE9 mice when compared to age-and sexmatched wild-type male and female mice at 6 months of age (Fig. 6B ). The observed change in mGluR5 surface expression in male and female APPswe/PS1ΔE9 mice was also detected in mice as early as 2 months of age ( Fig. S2 ).
DISCUSSION
One major challenge in AD therapy is the identification of a pharmaceutical target that does not only manage disease symptomology, but also modifies disease progression. Genetic silencing has clearly demonstrated a contributory role of mGluR5 in AD pathogenesis, specifically Aβ-related pathology in male APPswe/PS1ΔE9 mice (25) . Furthermore, while both negative and silent mGluR5 modulators rescue AD mouse behavioral phenotypes, only mGluR5 NAMs treatment mitigated Aβ pathology in a preclinical male APPswe/PS1ΔE9 and 3xTg-AD mouse models of AD (20, 23, 34) . However, gender-specific responses to therapies have been reported in many neurological diseases including AD that further complicated the process of drug discovery (9) (10) (11) . We find that neuronal cultures from male and female mouse embryos manifest with sexspecific responses to Aβ-mediated activation of mGluR5. Specifically, Aβ oligomer treatment of wild-type female neurons in culture does not elicit GSK3β phosphorylation resulting in the inhibition of the GSK3β/ZBTB16/ATG14-regulated autophagy pathway. We also demonstrate that the contribution of mGluR5 to AD-like neuropathology and response to mGluR5 NAM treatment in vivo is different between male and female APPswe/PS1ΔE9 despite similar degrees of cognitive impairment, neuroinflammation and Aβ-related pathology. Moreover, mGluR5 surface expression in male APPswe/PS1ΔE9 mice is increased and is associated with the mGluR5dependent inhibition of a ZBTB16-mediated autophagy mechanism, accumulation of Aβ oligomers and plaques and exacerbated neuroinflammation. Treatment with an mGluR5 NAM corrected mGluR5 signaling, reduced neuroglial activation, initiated autophagy and improved in Aβ pathology and cognitive functions in male APPswe/PS1ΔE9 mice. In contrast, female APPswe/PS1ΔE9 exhibit diminished cell surface expression of mGluR5, which is not associated with mGluR5-dependent inhibition of signaling via the ZBTB16-mediated autophagy pathway.
This results in the inability of CTEP to mitigate cognitive impairment, the accumulation of Aβ oligomers and plaques, as well as reduce neuroinflammation. Thus, it is evident that mGluR5 contribution to the etiology and treatment of AD neuropathology is sex-dependent. This raises the distinct possibility that there are fundamentally important sex-dependent differences in the mechanisms underlying the cellular regulation of mGluR5 signaling.
Novel object recognition and Morris water maze tasks reveal a significant impairment in both working and spatial memory in both vehicle-treated 9-month-old male and female APPswe/PS1ΔE9 mice. Moreover, the deposition of Aβ plaques and levels of soluble Aβ oligomers in the hippocampus and cortex of APPswe/PS1ΔE9 from both sexes exhibit similar increases. Thus, our pathological and behavioral findings in APPswe/PS1ΔE9 mice are consistent with published reports showing a progressive Aβ deposition and cognitive impairment starting at 6 months of age and robust accumulation of plaques by 9 months (31, 35) . However, the inhibition of mGluR5 significantly reverses cognitive deficits and reduces Aβ deposition in only male, but not female, APPswe/PS1ΔE9 mice. Our study suggests that mGluR5 NAM treatment can be effectively repurposed at an earlier disease stage in male APPswe/PS1ΔE9 mice to effectively reverse cognitive impairment and improve Aβ-related pathology, but that this pharmacological treatment will be ineffective in female mice. To our knowledge this study represents the first evidence that mGluR5 is not a central contributor to AD-related neuropathology in female AD mice.
Aβ oligomers are a normal proteolytic byproduct of the metabolism of amyloid precursor protein (APP) and is normally found as a soluble protein at low levels in the brain. However, alterations in the production and/or clearance of Aβ oligomers can shift the homeostasis towards increased Aβ1-42 levels and be detrimental resulting in accelerated neurodegeneration (5, 6) .
Therefore, enormous effort has been put forward to identify the pathways that regulate Aβ accumulation. Within this context, autophagy is an interesting target as an essential degradation pathway and defects in autophagy have been implicated in several proteinopathies including AD (36) (37) (38) (39) . Indeed, evidence suggests that autophagy deficits occur in the early stages of AD both animal models and patients (26, 37, 40) . We have demonstrated that mGluR5 inhibits autophagy through a ZBTB16-Cullin3-Roc1 E3-ubiquitin ligase pathway in male APPswe/PS1ΔE9 and 3xTg-AD mouse models (24, 41) . In the current study, we find that treatment with mGluR5 NAM results in a GSK3β-dependent increase in ATG14 and activated autophagy in male APPswe/PS1ΔE9 mice, but we observe no increases in GSK3β phosphorylation or ATG14 expression in vehicletreated female APPswe/PS1ΔE9 mice when compared with either male or female wild-type mice.
While the pharmacological inhibition of mGluR5 leads to the activation of the GSK3β/ZBTB16/ATG14-regulated autophagy pathway and is key for the removal of Aβ oligomer load in males APPswe/PS1ΔE9 mice, mGluR5 does not appear to be engaged in negatively regulating this pathway in female APPswe/PS1ΔE9 mice. This may explain, at least in part, why the mGluR5 NAM tested in this study is effective in reducing Aβ oligomers/plaques and improving cognitive function in male APPswe/PS1ΔE9 mice only.
Aβ oligomers stimulate microglia leading to the release of inflammatory mediators that exacerbate the neuronal inflammatory burden (30, 31, 42, 43) . Astrocytes also serve as a constant and important source of neurotrophic factors such as BDNF under physiological conditions that can be also activated by Aβ oligomers to generate reactive oxygen species, release glutamate and block glutamate reuptake that are associated with neurotoxicity and neuronal death in AD (44) (45) (46) (47) . We find that makers of microglia activation and astrogliosis, Iba1 and GFAP, respectively, are significantly increased in 9-month-old male and female APPswe/PS1ΔE9 brain slices. This is consistent with previous findings showing that markers of activated microglia and reactive astrocytes can be detected as early as 6-month-old APPswe/PS1ΔE9 mice around Aβ plaques (31, 43) . mGluR5 blockade reduces Iba1 and GFAP in male APPswe/PS1ΔE9 mice yet is ineffective in females. Thus, it is possible that the autophagic clearance of Aβ oligomers following treatment with mGluR5 NAM in male APPswe/PS1ΔE9 mice reduces Aβ oligomer-activated neurogliosis resulting in the blockade of neurotoxicity caused by glutamate overspill from astrocyte.
Our findings clearly indicate that both male and female APPswe/PS1ΔE9 mice present with a comparable cognitive impairment and Aβ oligomer burden, but are associated with clearly divergent effects on the regulation of mGluR5-mediated signaling. Thus, we examined whether mGluR5 cell surface expression differs between the sexes and whether this might contribute to observed differences in downstream mGluR5 signaling in male and female APPswe/PS1ΔE9 mice. We find that mGluR5 surface expression is upregulated in male APPswe/PS1ΔE9 mice, while cell surface mGluR5 expression is almost completely abolished in female APPswe/PS1ΔE9 mice. Since we know that Aβ oligomers can activate and promote mGluR5 clustering at synapses to exacerbate AD pathology (20) (21) (22) , this increased delivery of mGluR5 to cell surface in male APPswe/PS1ΔE9 mice will further enhance the accessibility for activation and clustering by Aβ oligomers and accelerate glutamatergic excitotoxicity. CTEP, along with its ability to activate autophagic clearance of Aβ oligomers, may also function to disrupt the interaction between Aβ oligomers and mGluR5 via binding to the allosteric site of mGluR5 and consequently slow Aβ oligomer-mediated neurodegenerative mechanisms in male mice. Conversely, in female APPswe/PS1ΔE9 the delivery of mGluR5 to cell surface is impaired, despite similar total mGluR5 expression in wild-type animals of both sexes. Thus, it seems that mGluR5 contribution to the neurodegenerative process in female AD mice is minimal and this can explain why mGluR5 NAM is not effective in mitigating AD-like symptoms or pathology in females. Moreover, mGluR5 signaling in response to agonist or Aβ oligomer treatment was not engaged in wild-type female neuronal cultures suggesting that there may be fundamental differences in the normal engagement of mGluR5 signaling in male and female brain tissue.
In summary, we find that mGluR5 antagonism is effective in reducing cognitive impairments, pathological hallmarks, neuroinflammation and cell death associated with AD only in male AD mice. Thus, we provide robust evidence that aspects of mGluR5 signaling and function are not conserved between APPswe/PS1ΔE9 male and female mice and there are sex-specific differences that must be considered when embracing mGluR5 as a potential drug target for AD in females and potentially other diseases. Consequently, enhanced effort needs to be directed toward exploiting novel targets in females to effectively slow the neurodegenerative process and ameliorate the progression of AD-related cognitive deficits. 
MATERIALS AND METHODS
Reagents
Primary neuronal culture
Neuronal cultures from the corticostriatal region of each E18 male and female WT embryo brains were prepared. After dissection, corticostriatal tissue of each embryo was trypsin-digested followed by cell dissociation using a fire-polished Pasteur pipette. Cells were plated on Poly-L-Ornithine-coated dishes in neurobasal medium supplemented with N2 and B27 supplements, 2.0 mM GlutaMAX, 50.0μg/ml penicillin, and 50.0μg/ml streptomycin (ThermoFisher Scientific). Cells were maintained for 12 to 15 days at 37 °C and 5% CO2 in a humidified incubator before being used for experiments. On the day of the experiment, neuronal primary cultures were incubated with Hank's balanced salt solution (HBSS) for 1h of starvation. After this period, cells were treated with 10 µM CTEP or DMSO (vehicle for CTEP) for 30 min followed by100 nM Human Aβ1-42 oligomers (Thermofisher Scientific, 03-111) for 1h or 100 µM (S)-3,5-Dihydroxyphenylglycine (DHPG; Tocris, 0805) for 15 min at 37 °C. Aβ1-42 oligomers were prepared in PBS and incubated at 37 °C for 24h as per manufacturer recommendations. Following this treatment, neuronal cultures were lysed with ice-cold lysis buffer and then immunoblotting was performed.
Immunoblotting
All animal experimental protocols were approved by the University of Ottawa Institutional Animal Care Committee and were in accordance with the Canadian Council of Animal Care guidelines. Either a brain hemisphere or neuronal culture well was lysed in ice-cold lysis buffer (50 mM Tris, pH 8.0, 150 mM NaCl, and 1% Triton X-100) containing protease inhibitors cocktail (100µM AEBSF, 2 µM leupeptin, 80 nM aprotinin, 5 µM Bestatin, 1.5 µM E-64 and 1 µM pepstatin A) and phosphatase inhibitors (10 mM NaF and 500 μM Na₃VO₄) and centrifuged twice for 10 min each at 15000 rpm and 4 °C. The supernatant was collected and total protein levels were quantified using Bradford Protein Assay (Biorad). Homogenates were diluted in a mix of lysis buffer and β-mercaptoethanol containing 3x loading buffer and boiled for 10 min at 95°C. Aliquots containing 30-40 μg total proteins were resolved by electrophoresis on a 7.5% or 10% SDSpolyacrylamide gel (SDS-PAGE) and transferred onto nitrocellulose membranes (Bio-Rad). Blots were blocked in Tris-buffered saline, pH 7.6 containing 0.05% of Tween 20 (TBST) and 5% nonfat dry milk for 2 h at room temperature and then incubated overnight at 4 °C with primary antibodies diluted 1:1000 in TBST containing 2% non-fat dry milk. Immunodetection was performed by incubating with secondary antibodies (anti-rabbit/mouse) diluted 1:5000 in TBST containing 1% of non-fat dry milk for 1 h. Membranes were washed in TBST and then bands were detected and quantified using SuperSignal™ West Pico PLUS Chemiluminescent Substrate (Thermo Scientific). 
Sex determination of embryos
Behavioral analysis
Animals were habituated in the testing room for 30 mins prior testing and all behavioral testing was blindly performed during the animal's dark cycle. All behavioral experiments were performed in the Faculty of Medicine Behavior Core Laboratory at the University of Ottawa.
Novel object recognition
Mice were placed in the empty box measuring 45 × 45 × 45 cm for 5 min and 5 mins later, 2 identical objects were placed in the box 5 cm from the edge and 5 cm apart. Mice were returned to the box for 5 min, and allowed to explore, as described previously (29) . Time spent exploring each object was recorded using a camera fed to a computer in a separate room and analyzed using Noldus Ethovision 10 software. Mice were considered to be exploring an object if their snout was within 1 cm of the object. Each experiment was repeated 24 hours after first exposure with one object replaced with a novel object. Data was interpreted using recognition index which was as follows: time spent exploring the familiar object or the novel object over the total time spent exploring both objects multiplied by 100, and was used to measure recognition memory (TA or TB/ (TA + TB))*100, where T represents time, A represents familiar object and B, novel object.
Open field
Mice were placed in in the corner of an opaque, illuminated (250-300 Lux), white box measuring 45 × 45 × 45 cm and allowed to explore for 10 min, as described previously (29) .
Overhead camera fed to a computer in a separate room monitored the activity and data were analyzed using Noldus Ethovision 10 software. The distance travelled and velocity of each mouse in the open box were determined.
Morris water maze (MWM) and reversal Morris water maze (RMWM)
The Morris water maze test was performed in a white opaque plastic pool (120 cm in diameter), filled with water and maintained at 25°C to prevent hypothermia, as described previously (23) . A clear escape platform (10 cm diameter) was placed 25 cm from the perimeter, hidden one cm beneath the surface of the water. Visual cues were placed on the walls in the room of the maze as spatial references. Mice were trained for 4 days (four trials per day and 15 mins between trails) to find the submerged platform at a fixed position from a random start point of the 4 equally spaced points around the pool. Each trial lasted either 60 seconds or until the mouse found the platform, and mice remained on the platform for 15 seconds before being removed to their home cage. If the mice failed to find the platform within 60 seconds, they were guided to the platform by the experimenter. Escape latency and swim speed were measured using Ethovision 10 automated video tracking software from Noldus. On day 5, The probe trial (a single trial of 60 seconds) was performed by removing the platform and allowing the mice to swim freely in the pool and recording the time spent in the target quadrant. RMWM task was initiated 24 hours after completion of MWM using the same paradigm as MWM, with 4 days acquisition and probe trial.
In the RMWM task, the platform was relocated to a new position.
Determination of Aβ oligomer levels by sandwich ELISA
ELISA was performed as described previously (23) . Briefly, brains were dissected into right and left hemisphere, with one hemisphere used to analyze oligomeric Aβ levels.
Quantification was performed using a sandwich ELISA kit according to manufacturer's instructions, KHB3491 for oligomeric Aβ (Thermo Scientific). Brain homogenates were divided and was centrifuged at 4°C at 100,000 ×g for 1 hour (to measure Aβ oligomer). The supernatant was then diluted with kit buffer 1:10 before carrying out the ELISA, which was performed in triplicate and measured as detailed in the manufacturer's protocol. Protein concentrations were quantified using the Bradford protein assay. The final Aβ concentrations were determined following normalization to total protein levels.
β-Amyloid, Iba1, Synaptophysin and GFAP immunohistochemistry
Immunostaining was performed as described previously (23) . Briefly, brains were coronally sectioned through the cortex and hippocampus and staining was performed on 40 μm free-floating sections using a peroxidase-based immunostaining protocol. Sections were incubated overnight in primary antibody for Aβ (1:200), Iba1 (1:100), Synaptophysin (1:100) or GFAP (1:200) at 4°C, washed, incubated in biotinylated antibody (biotinylated horse anti-mouse, 1:400, Vector Elite ABC kit mouse) for 90 mins at 4°C, and then incubated in an avidin biotin enzyme reagent for 90 mins at 4°C (Vector Elite ABC kit mouse, PK-6102, Vector Laboratories).
Immunostaining was visualized using a chromogen (Vector SG substrate, Vector Laboratories).
Sections were mounted on slides and visualized with a Zeiss AxioObserver epifluorescent microscope with a Zeiss 20× lens, using representative 900 μm 2 areas of cortex and hippocampus. Images were analyzed using the cell counter tool in Image J (NIH, USA).
NeuN immunofluorescence
Coronal brain sections, as described above, were fixed using 4% paraformaldehyde, after which membranes were permeabilized using 0.2% Triton-X-100. Nonspecific binding was blocked using 2.5% normal donkey serum and 1% BSA in PBS, followed by incubation with NeuN primary antibody (1:200) overnight at 4°C. Following a 3x5min wash in PBS sections were incubated in donkey anti-mouse Alexa Fluor 488 (1:400) for 1 hour at room temperature. Sections were mounted on slides and visualized with a Zeiss AxioObserver epifluorescent microscope microscope with a Zeiss 20× lens, using representative 900 μm 2 areas of cortex and hippocampus. Images were analyzed using the cell counter tool in Image J (NIH, USA).
Fig. 1: Activation of mGluR5 modulates GSK3/ATG14ZBTB16 pathway in neuronal cultures from male, but not female, wildtype embryos
Representative western blots (A) and quantification of folds change (B) in GSK3β-pS9, ZBTB16, and p62 with the corresponding loading controls in primary cultured corticostriatal neurons (14DIV) from male and female wildtype E18 embryos stimulated with either the mGluR group I agonist DHPG (100 µM) or Aβ1-42 oligomers (100 nM) in the absence (DMSO) or presence CTEP (10 µM). GSK3β-pS9 was normalized to total GSK3β, and ZBTB16 and p62 were normalized to vinculin (n=4 for each group). Values represent mean ± SEM and are expressed as a fraction of the untreated male cultures. * P<0.05 versus untreated male cultures. Statistical significance was assessed by two-way ANOVA and Fisher's LSD comparisons. Mean ± SEM of recognition index, for exploring one novel object versus familiar object in the second day of novel object recognition test following 12-week treatment with either vehicle or CTEP (2mg/kg) in 9-month-old (A) male age-matched wild-type (WT) and APPswe/PS1ΔE9 (APP) mice (B) female age-matched wild-type (WT) and APPswe/PS1ΔE9 (APP) mice (n=8-11). Mean ± SEM of velocity (C) and distance travelled (D) following 12-week treatment with either vehicle or CTEP of 9-month-old male and female wild-type (Wt) and APPswe/PS1ΔE9 (APP) mice (n=8-11). Mice were excluded from analysis due to spontaneous death. * P<0.05 versus familiar object. Statistical significance was assessed by two-way ANOVA and Fisher's LSD comparisons. (A) Representative images of Aβ staining and (B) quantification of plaque density in cortical and hippocampal brain slices from 9-month-old male and female APPswe/PS1ΔE9 (APP) mice following treatment with either vehicle or CTEP (2mg/kg) for 12 weeks. Images are representative of 5 independent experiments (scale bar = 1 mm). Data represents mean ± SEM following the quantitation of 5 different 900 m 2 regions from 6 brain slices of different regions in 5 independent mice for each group. *P<0.05 versus the same region of vehicle-treated same sex APPswe/PS1ΔE9 mice. Statistical significance was assessed by unpaired t test. (C) Mean ± SEM of the whole-brain Aβ oligomer concentrations (pg/mg protein) in age-matched 9-month-old male and female wild-type (Wt) and APP after 12-week treatment with either vehicle or CTEP (n=5). *P<0.05 versus vehicle-treated same sex wild-type mice. Statistical significance is assessed by two-way ANOVA and Tukey's multiple comparisons. Representative western blots and quantification of folds change in (D) GSK3β-pS9, (E) ZBTB16, (F) ATG14 and (G) p62 with the corresponding loading controls in brain lysates from age matched 9-month-old male and female Wt and APP mice after 12-week treatment with either vehicle or CTEP. GSK3β-pS9 was normalized to total GSK3β, ZBTB16 was normalized to vinculin and ATG14 and p62 was normalized to actin (n=5 for each group). Values represent mean ± SEM and are expressed as a fraction of the vehicle-treated male wild-type value. * P<0.05 versus vehicle-treated male wildtype values. Statistical significance was assessed by two-way ANOVA and Fisher's LSD comparisons. Quantification of the number of (A) Iba1, (B) GFAP, (C) NeuN positive cells and (D) normalized synaptophysin density in 900 m 2 cortical brain slices from age-matched 9-month-old male and female wild-type (Wt) and APPswe/PS1ΔE9 (APP) mice following 12-week treatment with either vehicle or CTEP (2mg/Kg). Data represents the quantification of 5 different 900 m 2 regions from 5-6 independent mouse brains for each group. All data is expressed as the Mean ± SEM and synaptophysin density was normalized to sex-matched wild-type values. * P<0.05 versus vehicletreated same sex Wt value. # P<0.05 versus vehicle-treated male APPswe/PS1∆E9 value at P < 0.05. Statistical significance was assessed by two-way ANOVA and Fisher's LSD comparisons.
Fig. 6: Differential mGluR5 cell surface expression between male and female APPswe/PS1ΔE9.
Representative western blots and mean ± SEM of mGluR5 cell surface expression (A) and total expression (B) in cortical and hippocampal brain lysates from age-matched 6-month-old male and female wild-type (Wt) and APPswe/PS1∆E9 (APP) mice. Values are expressed as a fraction of the male vehicle-treated control for each brain region. Surface expression represents quantification of biotinylated mGluR5 relative to total mGluR5 expression. Total mGluR5 expression was normalized to vinculin (n=4 for each group). * P<0.05 versus corresponding male Wt mice. Statistical significance was assessed by two-way ANOVA and Fisher's LSD comparisons.
